The establishment of polarity in the embryo is fundamental for the correct development of an organism [1] . The first cleavage of the Caenorhabditis elegans embryo is asymmetric with certain cytoplasmic components being distributed unequally between the daughter cells [2-4]. Using a genetic screen, Kemphues and co-workers have identified six par genes (partitiondefective) [5,6], which are involved in the process of asymmetric division. One of these genes encodes a highly conserved protein, PAR-1, which is a serine/threonine kinase that localizes asymmetrically to the posterior part of the zygote and to those blastocysts that give rise to the germ line [7-9]. We reasoned that the mammalian homologue of PAR-1 (mPAR-1) might be involved in the process of polarization of epithelial cells, which consist of apical and basolateral membrane domains. We found that mPAR-1 was expressed in a wide variety of epithelial tissues and cell lines and was associated with the cellular cortex. In polarized epithelial cells, mPAR-1 was asymmetrically localized to the lateral domain. A fusion protein lacking the kinase domain had the same localization as the full-length protein but its prolonged expression acted in a dominant-negative fashion: lateral adhesion of the transfected cells to neighbouring cells was diminished, resulting in the former cells being 'squeezed out' from the monolayer. Moreover, the polarity of these cells was disturbed resulting in mislocalization of E-cadherin. Thus, in the C. elegans embryo and in epithelial cells, polarity appears to be governed by similar mechanisms.
) or mouse EMK (ELKL motif kinase) [9] . Domains K and C are separated by a serine/threonine-rich region designated M (Figure 1a ). Mammalian homologues of PAR-1 from man, mouse and dog were isolated by screening cDNA libraries with a degenerate oligonucleotide probe or by PCR amplification (see Supplementary material for Materials and methods). Two variants of mouse EMK were obtained, one of which has been described previously, the other being a novel variant containing a 57 amino-acid insert in the M region. Kp78, EMK and their homologues are collectively referred to as mPAR-1. Figure  1 shows the expression of mPAR-1 as determined by RT-PCR analysis of RNA from different tissues and epithelial cell lines. A definite band of the expected size is detected in murine as well as in human and canine tissues, but not in a sample that had not been reverse transcribed.
A polyclonal antibody (α-EMK) was raised against a histidine-tagged immunogen comprising the M and highly conserved C domains (His-MC) of mouse EMK. Western blot analysis revealed that, in all cells investigated so far (canine MDCK, human SW-948 and mouse N2a cells), mPAR-1 variants were detected as a doublet or triplet of bands in the region of 80-85 kDa (Figure 1c) . Note that the expression of mPAR-1 in N2a neuroblastoma cells was much lower than that in epithelial cells. The α-EMK antibody could also immunoprecipitate mPAR-1 from MDCK lysates (Figure 1c) . In C. elegans embryos, PAR-1 is localized to the periphery of the cell. We determined whether mPAR-1 was associated with the membraneous fraction in mammalian cells. MDCK cells were fractionated into cytosolic and microsomal fractions and immunoblotted with α-EMK antibody ( Figure 1c) ; mPAR-1 was found almost entirely in the microsomal fraction. Localization of endogenous mPAR-1 in different epithelial cells was analyzed by immunofluorescence using the affinity-purified α-EMK antibody and confocal microscopy. The immunostaining of the protein in MDCK, SW-948 and HT-29 cells grown on glass coverslips was found predominantly at the cell cortex (see Figure S1 of Supplementary material). The distribution of F-actin and the transmembrane protein E-cadherin was very similar to that of mPAR-1.
Epithelial MDCK cells grown on a permeable filter develop two distinct membrane domains, apical and basolateral, which are separated by tight junctions. As with cells grown on glass, mPAR-1 in MDCK cells grown on filters was localized exclusively at the membrane whereas the apical region of the cell showed exclusive staining for F-actin, which localizes to the terminal web and microvilli, the mPAR-1 staining was lateral ( Figure  2c ). This was demonstrated unambiguously using an antibody against the tight junction protein ZO-1. As shown in Figure 2c , the α-EMK signal was located exclusively beneath the tight junctions. Identical results were obtained in the polarized cell line Caco-2 (data not shown), indicating that the lateral localization of mPAR-1 in polarized epithelial cells is a general phenomenon.
In order to identify the cellular localization signal of mPAR-1, several fusion proteins containing a FLAG epitope linked to various domains of mPAR-1 (shown in Figure 3 ) were expressed in different cell lines. The localization of the fusion proteins in N2a and HeLa cells, and in non-polarized MDCK cells is shown in Figures S2 and S3, respectively, of the Supplementary material. As with N2a or HeLa cells, FLAG-FL (full-length mPAR-1) and FLAG-MC (M and C domains) were exclusively localized to the cell cortex in MDCK cells, whereas FLAG-M (M domain only) or FLAG-C (C domain only) were detected throughout the entire cytoplasm and nucleus, although in N2a cells FLAG-C was not transported into the nucleus) Localization of PAR-1 or mPAR-1 to the membrane or cortex of the cell therefore requires the presence of both the carboxyl terminus and the M domain. In MDCK cells, even those grown on glass coverslips, FLAG-FL as well as FLAG-MC had a polarized distribution, which was even more profound in the cells grown on a filter for 2 days (Figure 3a ; FLAG/Phalloidin). The xz-projections show unambiguously that mPAR-1 localized to the lateral cortex and that the apical surface was devoid of the protein. We co-immunostained cells with an antibody to E-cadherin, a classical lateral marker in polarized epithelia, and found that both mPAR-1 and E-cadherin are laterally localized, but do not co-localize. FLAG-MC may compete with the endogenous mPAR-1 for a binding site at the cell cortex, and thus act in a dominant-negative fashion. We expressed this fusion protein in MDCK cells and followed the fate of transfected cells over several days. In MDCK cells grown on filters, FLAG-MC was predominantly localized to the lateral region of the cell 2 days after transfection (Figure 4a ). At this time point, transfected cells displayed a cuboidal shape, being tightly associated with the neighbouring cells in the monolayer and firmly attached to the filter. By 4 days after transfection, most cells expressing FLAG-MC developed a 'bowl-shaped' profile (Figure 4b ), gradually losing contact with the substratum and being displaced from the filter by neighbouring cells (Figure 4 , final image). In almost all cases, the nuclei of the transfected cells were localized in a higher plane compared with those of neighbouring cells (data not shown). At this time point, FLAG-MC expression was not restricted to the lateral cortex, but covered the entire basolateral domain. After 6 days, basically no cells expressing FLAG-MC were detected; however, the monolayer of non-transfected cells remained intact over the course of the experiment. Remnants of a transfected cell containing a typical apoptotic nucleus could sometimes be found above the monolayer. The quantitation of 'lateral' versus bowl-shaped cells at different stages after transfection revealed that almost 90% of FLAG-MC-transfected cells were bowl-shaped 4 days after transfection. In contrast, MDCK cells expressing FLAG-M retained their cuboidal shape and remained integrated in the monolayer throughout the entire experiment (data not shown). Expression of FLAG-FL was not tolerated by MDCK cells for more than two days, probably due to the elevated kinase activity.
Another effect of expression of FLAG-MC in MDCK cells was the loss of cellular polarity: E-cadherin, which is usually found at the lateral surface, could be detected on the apical surface of cells (Figure 4c ). In contrast, neighbouring non-transfected cells showed normal E-cadherin distribution. We conclude that expression of the truncated form of mPAR-1 has a dominant-interfering effect on the endogenous protein: maintenance of polarity is impaired, contact with substratum is lost and adhesion to neighbouring cells becomes weaker.
The asymmetric localization of mPAR-1 in epithelial cells suggests that the establishment and maintenance of polarity in both C. elegans embryos and mammalian epithelia might be governed by a similar mechanism. A further member of Brief Communication 605 the par family, PAR-3, is also localized asymmetrically to the anterior part of the zygote [10] . Interestingly, PAR-3 contains stretches of sequence that share significant homology with members of an emerging family of proteins, which includes the Drosophila discs-large tumour suppressor protein (dlg) [11] and its human homologue, rat synaptic protein PSD-95, tyrosine phosphatase PTP-1E and the tight junction proteins ZO-1 and ZO-2 [12] . Dlg, ZO-1 and ZO-2 are directly involved in the maintenance of the cellular polarity of epithelial cells. The possible parallels between the localization of PAR proteins in the C. elegans embryo and epithelial cells are shown in Figure 5 .
What is the molecular function of mPAR-1 in the cell and how is this function connected to mPAR-1 localization? What are the putative receptor(s) of mPAR-1 on the plasma membrane or in the cell cortex? In C. elegans, mutations of the par-1 gene lead to mislocalization of P-granules or to a symmetric first cleavage [7] , but this function cannot apply to the mPAR-1 protein in MDCK or other epithelial cells. The mPAR-1 protein could be involved in determination of the division plane of the cell, however. It is known that the plane of division in MDCK cells is parallel to the lateral surface of the cell and thus both cells are retained in the epithelial sheet [13] ; mPAR-1 might be involved in the localization of the poles of the spindle apparatus to the lateral part of the cell. In addition, our data indicate that mPAR-1 can influence cell-cell contacts. In a very recent paper, a novel family of protein kinases, including MARK-1 and MARK-2 (microtubuleassociated protein (MAP)/microtubule affinity-regulating kinase), was identified that phosphorylates MAPs [14] . Although rat MARK-2 is almost 100% identical to mouse EMK, MARK-1 is a novel member of the PAR-1/ EMK/Kp78 family. Overexpression of MARK proteins in Chinese hamster ovary cells leads to hyperphosphorylation of MAPs and to disruption of the microtubule array, resulting in morphological changes and cell death. These data may provide a molecular basis for the changes of cell shape and polarity in epithelial cells seen in our studies.
Supplementary material
Three figures showing immunolocalization of mPAR-1 and mPAR-1 fusion proteins in various cell lines and the Materials and methods section are published with this paper on the internet. 
